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In the frame of the safety of leadebismuth eutectic cooled fast reactors, the thermal behaviour of bis-
muth(III) uranate(VI) was studied as a possible interaction product of the coolant and mixed oxide fuel.
The heat capacity of Bi2UO6 were measured and presented here for the ﬁrst time. The thermodynamic
functions derived at T ¼ 298.15 K are Cp(298.15 K) ¼ 185.1 J K1 mol1, S(298.15 K) ¼ 238.8 J K1 mol1,
and {H(298.15 K)H(0 K)} ¼ 34863 J mol1.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Liquid LeadeBismuth Eutectic (LBE: 0.445 Pb; 0.555 Bi) is a
promising coolant for fast spectrum reactor systems because of its
high boiling point, and its chemical inertness with respect to air
and water as opposed to sodium. The high boiling point (1943 K)
results in a large operational margin, whereas the chemical stability
is important to avoid spontaneous reactions in case of pipe-breaks,
thus strongly contributing to good safety characteristics. LBE has
been applied as reactor coolant in Soviet nuclear submarines in the
past, and is currently studied in the MYRRHA subcritical
accelerator-driven system (Belgium) reactor design. This design
foresee (U,Pu)O2 mixed oxide as (initial) fuel and for that reason the
compatibility between the fuel and coolant needs to be investi-
gated. This requires a detailed knowledge of the phase relations in
the U-Pu-Pb-Bi-O system. The potential reaction products must be
identiﬁed, the thermodynamic conditions for their formation must).
B.V. This is an open access articlebe understood, and their potential effects on the fuel elements have
to be investigated. For these reasons, we have started systematic
studies of the PbeUeO and BieUeO systems, and the ﬁrsts results
are reported here.
Very few compounds are known to exist in the BieUeO ternary
system (Fig. 1). A continuous solid solution with defect ﬂuorite
structure between Bi2O3 and UO2 at high temperature
(1073e1273 K) was reported by Hund [1]. The U(V) compound
BiUO4 was found by Rüdorff [2], having a defective ﬂuorite struc-
ture (F m 3 m) at room temperature, but its existence must be
studied in much more detail. The U(VI) bismuth(III) uranate,
Bi2UO6, is the only compound well characterised to date. It was
reported to exist in two closely related crystalline modiﬁcations. At
room temperature Bi2UO6 appears as monoclinic (in the following
called a-phase) [3], while at 1273 K it shows a ﬂuorite related
structure, space group P 3 (b-phase) [3,4].
Particularly the latter compound is of interest for our work, as
the oxygen potential of the coolant (related to the amount of dis-
solved oxygen gas in the LBE) could be high enough for it formation.
In this paper, the low- and high-temperature heat capacity ofunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Possible compounds in the UeBieO ternary system (including the solid solu-
tions reported at high temperature by Hund [1].
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2. Materials and methods
2.1. Synthesis and material processing
Commercial a-bismuth(III) oxide (SigmaeAldrich, 99.999% trace
metal basis) was mixed with a stoichiometric amount of amor-
phous uranium(VI) oxide in order to yield a-Bi2UO6. After 5 h of
solid state reaction at 1073 K under air, a dark red powder was
obtained. Pellets of 5 mm diameter, 2e3 mm in height were pro-
duced by hand pressing and sintering the a-Bi2UO6 at 1273 K under
air for 5 h. These pellets were then broken into pieces and used in
further electron microprobe and calorimetric analyses.
Other attempts to prepare a-Bi2UO6 by solid state reactions
starting from different bismuth (e.g., Bi(CH3COO)3) or uranium
(U3O8, UO2) sources were also successful. However, we used for
further analysis the product obtained by reacting a-Bi2O3 and UO3.
2.2. XRD analysis
a-Bi2UO6 was characterised at room temperature by X-ray
powder diffraction (XRD) using a Bruker D8 diffractometer moun-
ted in a Bragg-Brentano conﬁguration with a curved Ge (1, 1, 1)
monochromator, a ceramic copper tube (40 kV, 40 mA) equipped
with a LinxEye position sensitive detector. The data were collected
by step scanning in the angle range 10  2q 120 at a 2q step size
of 0.0092. For the measurement, the powder was deposited on a
silicon wafer to minimize the background and dispersed on the
surface with several drops of isopropanol. The structural reﬁne-
ment was performed using the Fullprof2k suite [5]. The shape of the
peaks was described by a Pseudo-Voigt function and the back-
ground was ﬁtted based on linear interpolation between a set of
about 50 background points with quantiﬁable heights. The scat-
tering factors of all elements (Bi3þ, U6þ, and O2) were used. The
structural model from Ref. [3] was used in our reﬁnement. Because
to the poor crystallinity of the compound, however, it was not
possible to reﬁne the atomic positions. Instead of a proﬁle matching
analysis, a pseudo-Rietveld analysis was nevertheless preferred in
order to keep the structural constraints.2.3. Electronic microprobe (EMPA)
Quantitative point analyses were carried out using a Cameca
SX100R electron probe micro-analyser. A 3  3 mm piece of the
Bi2UO6 sample was embedded in epoxy resin, polished to a ﬂat
surface, and coated with 20 nm of aluminium. As U and Bi reference
materials commercial UO2 and Bi12GeO20 were used. Oxygen con-
tent was calculated from cation stoichiometry and included in the
PAP matrix correction [6]. For both U and Bi, the Ma lines, detected
with PET crystals were used. Analysis conditions were 20 kV and
20 nA, peak intensities were counted for 20 s, high and low back-
ground intensities were counted for 10 s each.
2.4. DTA/TG measurements
The thermal behaviour was investigated using a Netzsch STA
449C DTA/TG, using an alumina crucible and air atmosphere. The
temperature was controlled by a PtePtRh (10%) thermocouple. The
applied heating and cooling rates were 10 K,min1.
2.5. Heat capacity measurements
The low-temperature heat capacity of a piece of Bi2UO6 of mass
13.63 (þ/0.02) mg was measured from 1.85 to 270 K at 0 and 9 T
with a PPMS-9T instrument (Quantum Design) using the hybrid
adiabatic relaxation method. The sample was ﬁxed on the sapphire
platform by a small amount of thermal conductive grease (Apiezon-
N). The heat capacity contributions of the puck and of the layer of
grease were determined previously through the addenda protocol
determination. A complete description of the technique and the
method has been reported by Lashley et al. [7], whereas details of
the instrument can be found in Javorský et al. [8]. Based on com-
parison to standard materials and experience for other compounds,
we estimate the uncertainty of the measurements to be better than
3% over the temperature range.
Solid pieces of 23e114 mg were further used to measure the
enthalpy increments using a Setaram Multi-detector High Tem-
perature Calorimeter (MDHTC-96) using a drop detector. For more
details about the technique we refer to our previous studies [9,10].
The measurements were carried out under an argon atmosphere
(with an oxygen content of 7 ppm), using pure platinum ingots
(64e144 mg) of 99.95 at % purity as a reference material. The
temperature range of the experiment was from 430.3 K to 1088.8 K
using steps of 50 K. Each isothermal run consisted of 2e4 drops of
Bi2UO6 samples, each surrounded by two drops of platinum from
which the sensitivity of the device was determined. The drops were
separated by time intervals of 20 min, long enough to re-stabilize
the monitored heat ﬂow signal. Background subtraction and peak
integration were performed using commercially available software
for data processing. The reported temperatures were corrected in
accordance with the calibration curve obtained prior to measure-
ment using several high purity standard metals (Sn, Pb, Zn, Al, Ag,
Ni) with various melting temperatures in order to cover the whole
temperature range of the measurement. After drop calorimetric
measurements at the maximum considered temperature, the ma-
terial was subjected to a new XRD measurement, conﬁrming the
stability of the compound under the experimental conditions.
3. Results and discussions
3.1. Structure and reactivity of a-Bi2UO6
The synthesis resulted in phase-pure monoclinic a-Bi2UO6
(space group C 1 2 1) which was used for all further experiments in
this study (Fig. 2). The unit cell parameters obtained by Rietveld
Fig. 2. Room-temperature Rietveld reﬁnement of a-Bi2UO6 showing the experimental,
calculated, and difference pattern. The vertical marks indicate the positions of allowed
Bragg reﬂections. In the inset, the unit cell of a-Bi2UO6 is shown (structural parameters
from Ref. [3]).
Fig. 4. The heat capacity (J K1 mol1) of Bi2UO6 as a function of temperature, (▫) low
temperature data, (d) the heat capacity obtained from the drop calorimeter, (- - -)
conﬁdence band. In the inset graph the measured enthalpy increments are shown
together with their standard deviations. The blue line (d) represents the ﬁt of these
enthalpy values with the heat capacity data from the low temperature study (200 < T/
K < 300). (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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ature are: a ¼ 6.889(3) Å, b ¼ 4.007(4) Å, c ¼ 9.691(5) Å,
b ¼ 90.13(3), and are in excellent agreement with the literature
data [3,4]. The a-form of bismuth uranate Bi2UO6 consists of stacks
of slabs of edge-sharing UO8 polyhedra sandwiched between
Bi2O22þ sheets (inset Fig. 2).
Increasing the reaction time (5e50 h) and temperature
(1073e1173 K) does not increase substantially the crystallinity of
the material. Electronic microprobe analyse performed on a ho-
mogeneous pellet indicates an Bi:U ratio of 2.068:0.966, normal-
ized for 6 oxygen atoms per formula unit. This small deviation from
the Bi:U:O ¼ 2:1:6 stoichiometry is consistent with the Bi2UO5.94
chemical formula proposed by Vannier et al. [3] and is deﬁnitely not
due to the oxidation state of uranium.
a-Bi2UO6 is stable under air (even when humid) or inert atmo-
sphere at room temperature for months. On heating in air, it is
stable up to 1345.5 K (onset temperature, DTA/TG data), then starts
to decompose to the corresponding oxides (Fig. S3).
Under reducing atmosphere (48 h in Ar-(5%)H2 at 1173 K),
Bi2UO6 decomposes to UO2 and bismuth metal (rhombohedral)
accordingly with the reaction:Fig. 3. Low temperature heat capacity of a-Bi2UO6. The inset shows the plot of Cp/T
versus T2 and the absence of electronic carriers' contribution for T/ 0 K.Bi2UO6 þ 4H2/ UO2 þ 2 Bi þ 4H2O
3.2. Heat capacity measurements
The low temperature heat capacity (<270 K) shows the absence
of magnetic features down to 1.85 K (Fig. 3 and Table S4), as ex-
pected for a U(VI) compound.
The room temperature Cp for a-Bi2UO6, 184.6 J K1 mol1, is
considerably lower than the Dulong-Petit derived value
(Cp(298K) ~ 3  n  R with n ¼ number of atoms per formula and
R ¼ universal gas constant) of 225 J, K1,mol1, in line with some
other uranates [12,13]. When approaching very low temperatures
(T/ 0 K, inset Fig. 3), the plot of Cp/T versus T2 is linear as expected
from the Debye law [11]:
Cp
NAk
¼ 12p
4
5

T
q
3Table 1
Enthalpy increment H(Tm)  H(Ta) of Bi2UO6 (Tm emeasurement temperature, Ta
e ambient temperature).
Tm, K Ta, K H(Tm)  H(Ta), J mol1
430.3 299.2 27496 ± 1353
482.8 299.2 38775 ± 1822
534.5 296.2 49424 ± 1789
586.4 299.2 63559 ± 2733
636.7 296.2 72609 ± 1605
687.7 299.2 85053 ± 192
737.8 296.2 96216 ± 116
788.3 299.2 108451 ± 282
838.3 296.2 119329 ± 2088
886.6 299.2 131603 ± 3869
938.4 296.2 145206 ± 5373
988.7 299.2 153760 ± 3690
1038.6 296.2 169850 ± 5095
1088.8 296.2 182734 ± 1688
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is the Debye Temperature, which is thus estimated as 245 K.
The heat capacity data have been ﬁtted to a series of overlapping
polynomials, and we derive for the heat capacity at T ¼ 298.15 K
Cp(298.15 K) ¼ 185.1 J K1 mol1, for a standard entropy
S(298.15 K) ¼ 238.8 J K1 mol1. The enthalpy increment
{H(298.15 K)H(0 K)} ¼ 34863 J mol1 is obtained by integration
of Cp(T) versus T. It should be noted, however, that these values
have been extrapolated from 270 K to 298.15 K.
The enthalpy increment of Bi2UO6 was measured up to 1088.8 K,
and the results are shown in (Fig. 4 and Table 1).
All measured enthalpy increment data were ﬁtted, using a
combined linear regression with the room temperature heat ca-
pacity data obtained from the PPMS measurements (see above). A
Maier-Kelly type second order polynomial equation was used,
similar to our previous studies for alkaline - earth uranates [12,13].
The following heat capacity equation was obtained:
Cop;m
.
J$K1$mol1 ¼ð270:912±25:809Þ
þ

18:12 103±23:52 103

ðT=KÞ


4:5526 106±7:8276 105

ðT=KÞ2
4. Conclusions
We present for the ﬁrst time the heat capacity of Bi2UO6 in the
temperature range (1.4e1089) K. From the low-temperature
measurements, the thermodynamic functions Cp(298.15 K),
S(298.15 K), and {H(298.15 K)H(0 K)} were derived. Further
thermal expansion and phase transition studies are needed in order
to provide other data to assess the accident behaviour of fuels in
reactors with LBE coolant.Acknowledgements
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Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jnucmat.2015.06.055.
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